Inhibition of Chondrogenesis byWntGene Expressionin Vivoandin Vitro  by Rudnicki, Julie A. & Brown, Anthony M.C.
DEVELOPMENTAL BIOLOGY 185, 104±118 (1997)
ARTICLE NO. DB978536
Inhibition of Chondrogenesis by Wnt Gene
Expression in Vivo and in Vitro
Julie A. Rudnicki* and Anthony M. C. Brown*,²,1
*Program in Cell Biology and Genetics, Cornell University Graduate School of Medical
Sciences, and ²Department of Cell Biology and Anatomy, Cornell University
Medical College, New York, New York 10021
The Wnt family of secreted signaling proteins are implicated in regulating morphogenesis and tissue patterning in a wide
variety of organ systems. Several Wnt genes are expressed in the developing limbs and head, implying roles in skeletal
development. To explore these functions, we have used retroviral gene transfer to express Wnt-1 ectopically in the limb
buds and craniofacial region of chick embryos. Infection of wing buds at stage 17 and tissues in the head at stage 10 resulted
in skeletal abnormalities whose most consistent defects suggested a localized failure of cartilage formation. To test this
hypothesis, we infected micromass cultures of prechondrogenic mesenchyme in vitro and found that expression of Wnt-1
caused a severe block in chondrogenesis. Wnt-7a, a gene endogenously expressed in the limb and facial ectoderm, had a
similar inhibitory effect. Further analysis of this phenomenon in vitro showed that Wnt-1 and Wnt-7a had mitogenic
effects only in early prechondrogenic mesenchyme, that cell aggregation and formation of the prechondrogenic blastema
occurred normally, and that the block to differentiation was at the late-blastema/early-chondroblast stage. These results
indicate that Wnt signals can have speci®c inhibitory effects on cytodifferentiation and suggest that one function of
endogenous Wnt proteins in the limbs and face may be to in¯uence skeletal morphology by localized inhibition of chondro-
genesis. q 1997 Academic Press
INTRODUCTION step is associated with increased cell±cell interactions and
a concomitant modulation in expression of cell adhesion
molecules (Oberlender and Tuan, 1994; Widelitz et al.,Skeletal development requires a diverse array of intercel-
1993). Within the prechondrogenic aggregates, cells differ-lular signals to coordinate the processes of patterning, cyto-
entiate into chondroblasts. These express cartilage-speci®cdifferentiation, and growth (Erlebacher et al., 1995; Tabin,
type II collagen and establish intercellular communication1995). The identity of individual cartilage rudiments, which
via gap junctions (Castagnola et al., 1988; Dessau et al.,serve as templates for endochondral ossi®cation, is ®rst de-
1980). Chondroblasts subsequently undergo terminal differ-termined by factors that provide positional information to
entiation into chondrocytes, at which stage they cease toundifferentiated mesenchymal cells (Tabin, 1991; Riddle et
divide, lose their intercellular contacts, and initiate expres-al., 1993; Niswander et al., 1993; Yang and Niswander,
sion of cartilage-speci®c proteoglycans and other extracellu-1995). Subsequently, the size and shape of each skeletal
lar matrix components (Solursh, 1991).element is established as groups of cells become committed
When plated as high-density micromass cultures in vitro,to chondrogenesis and undergo differentiation in a precisely
early chick wing bud mesenchymal cells will recapitulatecontrolled manner. Several speci®c signaling factors are be-
the above process of chondrogenesis in culture (Ahrens etlieved to act in concert throughout chondrogenesis to regu-
al., 1977). Thus, progression of cells through the chondro-late this process (Reddi, 1994; Riddle et al., 1995).
genic pathway can be followed in vitro by analysis of spe-In the limbs, the ®rst identi®able step in chondrogenesis
ci®c cytodifferentiation markers. This system provides ais the condensation of undifferentiated mesenchyme in the
convenient means of analyzing the effects of speci®c factorslimb bud core to form prechondrogenic cell aggregates. This
on chondrogenesis. For example, many members of the
TGF-b superfamily, which are endogenously expressed in
developing cartilage, have been shown to enhance chondro-1 To whom correspondence should be addressed. Fax: (212) 472-
9471. E-mail: amcbrown@mail.med.cornell.edu. genesis in micromass cultures (Jiang et al., 1993; Leonard
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et al., 1991). Other secreted factors have been reported to In the developing limbs of mouse embryos, expression of
at least six Wnt genes can be detected by Day 9.5, shortlyhave inhibitory effects on chondrogenesis in vitro, includ-
ing activin, PDGF, and FGF-2 (Chen et al., 1992, 1993; Kato after the limb buds ®rst protrude from the trunk (Parr et
al., 1993; Gavin et al., 1990). Four of these genes, Wnt-3,and Iwamoto, 1990). The latter may re¯ect only one of the
roles of FGF family members on limb development in vivo, -4, -6, and -7b, are uniformly expressed throughout the limb
ectoderm. Wnt-7a expression is restricted to the dorsal ecto-since these factors also function in the regulation of limb
outgrowth and overall patterning (Niswander et al., 1993; derm, while Wnt-5a is expressed primarily in the limb
mesenchyme in a proximodistal gradient (Tabin, 1991; ParrRiley et al., 1993; Niswander and Martin, 1993; Fallon et
al., 1994). et al., 1993). Similar expression patterns of Wnt-7a and
Wnt-5a have been described during limb development inAnother group of secreted signaling factors implicated in
limb development are products of the Wnt gene family the chick (Dealy et al., 1993). Skeletal abnormalities in
transgenic mice expressing Wnt-1 from a Hoxa-5 promoter(Nusse and Varmus, 1992; Parr and McMahon, 1994). This
family comprises at least 15 developmentally regulated have implied a role for Wnt proteins in limb development
(Zakany and Duboule, 1993), and it has recently been showngenes which encode structurally similar cysteine-rich gly-
coproteins (Nusse and Varmus, 1992; Gavin et al., 1990; that one function of Wnt-7a in the limb is to contribute
patterning information to both the dorsoventral and antero-Parr and McMahon, 1994; Sidow, 1992; Smolich et al.,
1993). Wnt genes have been implicated in regulating numer- posterior axes (Parr and McMahon, 1995; Yang and Nis-
wander, 1995; Riddle et al., 1995). However, other possibleous aspects of development, including speci®cation of the
vertebrate body axis (McMahon and Moon, 1989; Sokol et functions of Wnt proteins in limb development are pres-
ently unknown.al., 1991), regional morphogenesis of the central nervous
system (Thomas and Capecchi, 1990; McMahon et al., In this report we have used retroviral gene transfer to
investigate the effects of expressing Wnt-1 ectopically in the1992), nephrogenesis in the kidney (Stark et al., 1994; Herz-
linger et al., 1994), muscle speci®cation within somites wing buds and craniofacial region of early chick embryos. In
both cases this resulted in skeletal abnormalities which(Stern et al., 1995; Munsterberg et al., 1995), and develop-
ment of the mammary gland (Tsukamoto et al., 1988; We- appeared to be caused by a general inhibition or delay in
chondrogenesis. To test this possibility more directly, weber-Hall et al., 1994; Bradbury et al., 1995). The most exten-
sively studied vertebrate Wnt gene so far is Wnt-1. In the analyzed the effects of Wnt-1 on limb mesenchyme in mi-
cromass culture in vitro and found that Wnt-1 is a potentmouse and other vertebrate embryos, Wnt-1 is expressed
exclusively in a subset of cells within the presumptive brain inhibitor of chondrogenesis. A similar effect was observed
with Wnt-7a, a gene expressed endogenously in dorsal limband spinal cord (Wilkinson et al., 1987; Shackleford and
Varmus, 1987). Its essential function in midbrain and cere- ectoderm and in the face. Analysis of cartilage-speci®c
markers showed that Wnt-1 and Wnt-7a do not affect thebellum morphogenesis is evident from the loss of these
structures in mice homozygous for null alleles (Thomas and initiation of chondrogenesis in vitro but instead appear to
prevent early chondroblasts from differentiating into chon-Capecchi, 1990; McMahon et al., 1992).
Complementing the results from targeted gene disruption drocytes. Our results suggest that one function of endoge-
nous Wnt proteins in the limbs and face may be to in¯uenceof Wnt-1 and other Wnt genes, much information about
developmental functions of Wnt proteins has been gathered morphogenesis through the regulation of cartilage forma-
tion.from ectopic expression of Wnt-1 in various tissues. For
example, injection of Wnt-1 RNA into early Xenopus em-
bryos results in duplication of the embryonic axis (McMa-
hon and Moon, 1989; Sokol et al., 1991), while expression MATERIALS AND METHODS
of the gene in mouse mammary tissues results in hyperpla-
sia and subsequent tumorigenesis (Tsukamoto et al., 1988;
Retrovirus VectorsEdwards et al., 1992). Since Wnt-1 is not normally expressed
in these tissues, such results imply that other members The retroviral vectors used in this study were derived from the
of the Wnt family normally function in aspects of early replication-competent vector RCASBP(A), itself a derivative of
Rous sarcoma virus (Petropoulos and Hughes, 1991). RCASWnt-1mesoderm patterning and mammary proliferation, respec-
was constructed by inserting a full-length mouse Wnt-1 cDNA intotively, and that their protein products are functionally re-
the ClaI site of RCASBP(A). The cDNA encodes an in¯uenza virusdundant with Wnt-1. Experimental evidence of such redun-
hemagglutinin epitope at the C-terminal of Wnt-1 and the resultingdancy has been observed in both these systems, although
protein is biologically active in mammary cell transformationits mechanistic basis is unclear (Sokol et al., 1991; Du et
assays (Bradley and Brown, 1995). RCASWnt-7a, which containsal., 1995; Wong et al., 1994; Bradbury et al., 1995). Wnt
mouse Wnt-7a cDNA, was a gift from Dr. L. Niswander and has
proteins have been shown to act as extracellular signaling been described previously (Yang and Niswander, 1995).
factors (Van Leeuwen et al., 1994; Bradley and Brown, 1995), Virus stocks of recombinant RCAS vectors were produced by
but candidate receptors through which they may act in ver- transfection of chick embryo ®broblasts (CEFs), as described by
tebrate cells have only recently been identi®ed (Bhanot et Fekete and Cepko (1993). CEFs were prepared from speci®c patho-
gen-free Day 11 White Leghorn embryos (Spafas, Inc., Preston, CT)al., 1996; Wang et al., 1996).
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as described by Jove et al., (1986). Retroviral plasmid DNA was dium (F-12 medium supplemented with 10% FCS, 1 mM L-gluta-
mine, penicillin, and streptomycin) and 1 ml of concentrated retro-introduced into CEFs by calcium phosphate transfection and, to
allow virus spread, the cultures were grown for at least 14 days in virus stock containing 100 mg/ml polybrene was added to each 15-
ml aliquot of cells. Fifteen-microliter drops of cells were then platedDulbecco's modi®ed Eagle's medium (DMEM) containing 10% fe-
tal calf serum (FCS), 2% chicken serum (ChS), penicillin, and strep- on 35-mm tissue culture dishes (3 per dish) and allowed to attach
at 377C for 60±90 min. Culture medium (1.5 ml) was added to eachtomycin. Before harvesting, the medium was replaced for 12 ±24 hr
with reduced serum medium (DMEM containing 1% FCS, 0.2% dish and replaced every 24 hr, the cultures being incubated at 377C
in 5% CO2. For distal wing mesenchyme cultures, isolated stageChS, penicillin, and streptomycin). The virus-containing superna-
tant was then collected and concentrated by centrifugation at 24 wing buds were cut transversely at the wing bud constriction
with a tungsten needle (Swalla et al., 1983) and distal segments15,000 rpm for 4 hr at 257C. The virus pellet was resuspended in
0.01±0.02 vol of reduced serum medium. were prepared for tissue culture as described above.
Micromass cultures of facial primordia were established follow-Virus stocks were titered on quail QT6 cells by the end-point
dilution method, detecting viral gag antigen in infected cells by ing the procedure of Wedden et al. (1986) with minor modi®cations.
Frontonasal masses and mandibles were dissected from stage 24immunohistochemistry (Fekete and Cepko, 1993). Cells plated in
24-well dishes were infected with serial dilutions of virus in the embryos. After removal of the ectoderm as above, the mesenchyme
was dissociated by pipetting in cold calcium- and magnesium-freepresence of 10 mg/ml polybrene and incubated for 7 days to allow
virus spread. The cells were then transferred to glass coverslips, saline containing 10% FCS. Ten-microliter volumes of single cell
suspension in culture medium were plated and infected with virus®xed in methanol at 0207C for 8 min, washed in Dulbecco's phos-
phate-buffered saline (PBS), and incubated for 1 hr at 377C with a as described for wing micromass cultures above.
1:500 dilution of monoclonal antibody 3C2. This antibody, a gift
from Dr. D. Boettiger (Cornell University, Ithaca, NY) is speci®c
for the RSV viral gag antigen p19 (Potts et al., 1987). After a wash Histochemical Stainingin PBS, the cells were incubated with goat anti-mouse antibodies
conjugated to horseradish peroxidase (Jackson Labs) and cells ex- Embryonic wings were stained with Alcian blue at Day 10, 7.5
pressing p19gag were visualized using diaminobenzidine as sub- days after injection. Both injected and uninjected (contralateral)
strate. Virus stocks of ⁄108 gag transducing units per milliliter wings were ®xed overnight in 5% trichloroacetic acid, rinsed, and
were used for subsequent experiments. stained overnight with 0.75% Alcian blue (Sigma) in acid alcohol
(75% ethanol, 25% glacial acetic acid). The tissues were then
washed twice for 1±2 hr in acid alcohol and twice in 100% ethanol,
Microinjection in Ovo cleared in methyl salicylate (Sigma), and photographed using a Ni-
kon SMZ-2T dissecting microscope. Wing mesenchyme micromass
Fertilized White Leghorn chicken eggs (Truslow Farms, Ches-
cultures were stained with Alcian blue at Day 4 in culture following
tertown, MD) were incubated at 387C in a humidi®ed egg incubator the procedure of Wedden et al. (1987). Cultures were rinsed twice
and prepared for microinjection largely as described by Fekete and
in PBS followed by staining with 1% Alcian blue in 3% acetic acid
Cepko (1993). Albumen (1.5 ml) was extracted from the pointed
(pH 1.0) for 2 hr. Unbound dye was removed by rinsing three times
end of each egg by syringe and a window was cut in the egg shell
in 3% acetic acid (pH 1.0) and then in water. To visualize clusters
directly over the embryo. The embryo was then highlighted by
of high cell density in micromass cultures, whole or distal wing
injecting approximately 100 ml of a 1:4 dilution of India ink in PBS
mesenchyme cultures were stained at Day 2 with Harris' hematox-
under the embryo with a 24-gauge needle. A small tear was made
ylin for 15 min. Stained cultures were photographed using a Nikon
in the vitelline membrane above the target tissue with a tungsten
TMS inverted microscope. For sectioning of paraformaldehyde-
needle. Approximately 0.5±1.0 ml concentrated virus containing
®xed craniofacial tissues, serial sections of 10 mm thickness were
100 mg/ml polybrene was then injected into the target tissue using
mounted on Superfrost/Plus microscope slides (Fisherbrand) and
a pulled glass capillary attached to a picospritzer. Cranial injections
stained with Alcian blue followed by counterstaining with hema-
were performed at Hamburger±Hamilton stage 10 (40 hr; Ham-
toxylin and eosin. Photographs for Figs. 2, 4, and 6 were digitized
burger and Hamilton, 1951) by injecting virus between the mesen-
and edited using Adobe Photoshop and printed on a Kodak DS8650
cephalic neural folds. For wing bud injections, eggs were incubated
dye sublimation printer.
until stage 17 (60 hr) and virus was injected into the mesoderm of
the right wing bud from the dorsal side. After injection, the window
in the egg was covered with Scotch tape and the embryo was re-
turned to the incubator until Day 10. Immuno¯uorescence
Micromass cultures in 35-mm tissue culture dishes were ®xed
twice for 5 min in methanol:acetone (1:1) and left to dry in air forMicromass Mesenchyme Cultures
at least 2 days. After rehydration in PBS, cultures were incubated
for 30 min at room temperature in anti-type II collagen monoclonalLimb micromass cultures were established following the proce-
dure described by Ahrens et al. (1977) with some modi®cations. antibody II,II6B3 (Developmental Studies Hybridoma Bank, Univ.
of Iowa; undiluted hybridoma supernatant), or with the monoclonalWing buds were dissected from chick embryos at Hamburger±
Hamilton stage 24 (Hamburger and Hamilton, 1951) and the ecto- antibody MF-20 which is speci®c for myosin heavy chain (Bader
et al., 1982). Rhodamine-conjugated anti-mouse IgG was used asderm was removed after a 20-min incubation in 0.5% trypsin, 5
mM EDTA at room temperature. Wing mesenchyme was then incu- secondary antibody (Jackson Labs). For staining with peanut agglu-
tinin (PNA), rhodamine-conjugated PNA (500 mg/ml, Vector Labo-bated in 0.05% trypsin, 0.1% collagenase for 20 min at 377C and
the cells were dissociated by pipetting. Single cell suspensions were ratories, Burlingame, CA) was added to the cultures for 30 min in
place of the antibody steps above. Coverslips were applied in Aqua-diluted to a ®nal concentration of 2 1 107 cells/ml in culture me-
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mount (Lerner Labs., Pittsburgh, PA) and the cultures were photo-
graphed under epi¯uorescence.
Immunoblotting
CEF cultures were plated at 2 1 106 cells per 6-cm dish and
grown for 2±3 days. To prepare cell lysates and extracellular matrix
material (ECM), the cells were washed in PBS and lysed in 1 ml of
Laemmli sample buffer (60 mM Tris±HCl [pH 6.8], 2% SDS, 5% b-
mercaptoethanol, 5% glycerol). Cellular and extracellular material
was scraped from the dishes, boiled for 5 min, and stored at 0807C.
Tissue lysates from Day 12 embryonic wings infected with RCAS
or RCASWnt-1 were prepared by homogenization in 11 Laemmli
buffer. For immunoblotting, samples were analyzed on 12% SDS±
polyacrylamide gels and electroblotted onto nitrocellulose ®lters. FIG. 1. RCASWnt-1 directs expression of Wnt-1 proteins (A) in
The blots were incubated in blocking solution (0.2% Tween 20 and cultured cells and (B) in ovo. (A) Whole cell lysates and extracellular
1% BSA in TBS [150 mM NaCl, 50 mM Tris±HCl, pH 7.5]) for 1 material from chick embryo ®broblasts infected with no virus (lane
hr at room temperature, washed brie¯y in blocking solution with- 1), RCAS (lane 2), or RCASWnt-1 (lane 3) were analyzed by Western
out BSA, and incubated overnight with a 1:10 dilution of hybridoma blotting with a Wnt-1 antibody. The expected Wnt-1 products of
supernatant containing mouse monoclonal antibody against Wnt- approximately 44 and 42 kDa are seen in lane 3. (B) Embryonic
1 peptide A (Brown et al., 1987). Protein bands were visualized wing buds microinjected at stage 17 were removed at stage 38,
using peroxidase-conjugated secondary antibodies and enhanced homogenized in Laemmli buffer, and analyzed by Western blotting
chemiluminescence essentially as described by Bradley and Brown as in A. Lane 1, uninjected wing tissue. Lane 2, RCAS-injected
(1995). tissue. Lanes 3 and 4, wing buds injected with RCASWnt-1 and
showing either normal (n) or abnormal (a) morphology. Wnt-1 pro-
tein was detected only in the RCASWnt-1-injected tissue with a
Quantitation of DNA and DNA Synthesis mutant phenotype (lane 4).
Micromass cultures of distal wing mesenchyme were established
as described above and duplicate cultures were labeled with [3H]-
thymidine at 24, 48, and 96 hr. At each of these times, 8 mCi of
been shown capable of widespread ectopic gene expression[3H]thymidine was added to the culture medium for 2.5 hr. After
within embryonic chick tissues such as the limb buds andwashing in PBS, DNA extraction was initiated by lysing the cells
in 0.5% SDS, 10 mM Tris (pH 7.5), 1 mM EDTA, 20 mg/ml RNase neural tube (Morgan et al., 1992; Fekete and Cepko, 1993).
A, and incubating for 1 hr at 377C (Jiang et al., 1993). Proteinase K A murine Wnt-1 cDNA was inserted into the vector RCAS-
(100 mg/ml) was then added and the mixture was incubated for BP(A) (Petropoulos and Hughes, 1991) and retrovirus stocks
another hour. After extraction of proteins with phenol:chloroform of RCASWnt-1 were derived by transfection of CEFs. To
(1:1), the DNA was precipitated in sodium acetate and ethanol verify that RCASWnt-1 could express Wnt-1 protein prod-
overnight at 0207C. DNA pellets were resuspended in 350 ml TE ucts, we performed immunoblot analysis of virus-infected
(10 mM Tris, 1 mM EDTA, pH 7.5) and 100-ml aliquots were aspi-
CEFs using a Wnt-1 antibody. Wnt-1 proteins of the ex-rated onto GF/A glass micro®ber ®lters for scintillation counting.
pected size were detected in CEF cultures infected withMeasurements of total DNA content were performed using a
RCASWnt-1 but not in those infected with the RCAS con-protocol from Dr. P. LeBoy (Univ. of Pennsylvania). Aliquots of
trol vector (Fig. 1A). For comparison, the viral matrix pro-DNA puri®ed as above were reprecipitated in ethanol, solubilized
in 350 ml 10 mM sodium EDTA (pH 12.3) and neutralized with 25 tein p19gag was detected in cells infected with both vectors,
ml 1 M KH2PO4. To this was added an equal volume of 0.2 mg/ml both by Western blotting and by immunohistochemical
Hoechst dye H33258 in 10 mM Tris (pH 7), 1 mM EDTA, 100 mM staining (data not shown).
NaCl. Fluorescence at 460 nm was then measured in Perkin±Elmer To investigate the effects of ectopic Wnt-1 expression on
650-40 spectrophotometer (excitation wavelength 365 nm), and val- chicken limb development, concentrated virus stocks of
ues were compared to a standard curve established with known RCASWnt-1 or RCAS control vector were microinjected
DNA quantities.
into the wing mesoderm of stage 17 chick embryos in ovo.
The morphological consequences of these injections were
evaluated at stage 36, by which time the cartilaginous struc-RESULTS
tures of the wing could be visualized by staining with Alcian
blue (Fig. 2). While the contralateral uninjected wings of
Expression of Wnt-1 in Early Wing Mesoderm operated embryos were always morphologically normal,
Results in Truncated or Deleted Skeletal 56% of the wings injected with RCASWnt-1 virus developed
Structures with truncated or deleted skeletal structures (n  43) (Figs.
2 and 3). No consistent patterning defect was observed inIn order to express Wnt genes ectopically in chick embry-
onic tissues we made use of replication-competent avian the mutant embryos, but instead defects in one or more
cartilaginous rudiments could be seen in different embryossarcoma virus vectors (RCAS). Such vectors have previously
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FIG. 2. Expression of Wnt-1 in embryonic limb buds induces malformations of the wing. RCASWnt-1 virus was microinjected into stage
17 (E2.5) embryonic wing buds in ovo and the developing wings analyzed 7.5 days later by whole-mount Alcian blue staining. Dorsal
views of right wings are shown. Humerus (h), radius (r), and ulna (u) are labeled in each panel. (A) Uninjected wing; (B) injected wing
showing truncated humerus but normal radius, ulna, and digits; (C) injected wing with digit 3 truncated and digit 4 missing; (D) injected
wing with radius and ulna truncated and digit 4 missing. In all embryos examined, only RCASWnt-1-injected wings showed abnormalities,
the remainder of each embryo being morphologically normal.
(Fig. 3). For example, some of the embryos injected with tions and deletions of skeletal structures induced by
RCASWnt-1 virus resulted from ectopic expression ofRCASWnt-1 showed abnormalities only in the humerus
(Fig. 2B), some only in the digits (Fig. 2C), while others Wnt-1 protein and suggests that when no defect was ob-
served in an injected embryo, this was probably due to insuf-contained multiple defects in the radius, ulna, and digits
(Fig. 2D). Since no developmental abnormalities were ob- ®cient propagation of the virus infection.
served in limbs injected with comparable titers of RCAS
control virus (n  14), these data indicate that the defects
Expression of Wnt-1 in the Facial Primordiumobserved in RCASWnt-1-infected limbs were not caused by
Causes Truncation of Prenasal Cartilagethe infection procedure per se or by viral protein products,
but were speci®cally attributable to infection with a vector We also explored the effects of targeting ectopic Wnt-1
expression to the craniofacial region. In these experiments,carrying Wnt-1 cDNA.
We next investigated whether ectopically expressed Wnt-1 virus was microinjected into the cephalic neural tube at
stage 10 and the embryos were subsequently examined atprotein could be detected in wing tissue infected in ovo
with RCASWnt-1. Wing buds were again infected at stage Day 10. Although the mesencephalon was the site of injec-
tion, local diffusion of the virus inoculum resulted in infec-17, and wing tissue isolated at Day 7 was homogenized in
Laemmli buffer and analyzed by Western blotting. Ectopic tion of surrounding tissues. This was con®rmed by in situ
hybridization of a representative embryo at Day 10 whichWnt-1 protein was detected in wings injected with
RCASWnt-1 that showed a mutant phenotype, but not in showed widespread ectopic expression of Wnt-1 in the facial
mesenchyme (data not shown). Of 38 surviving embryosRCASWnt-1-injected tissue that was morphologically nor-
mal (Fig. 1B). This supports the conclusion that the trunca- injected with RCASWnt-1, 32% developed with wide-set
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early in the course of infection initiated at stage 17, and
that the primary defect might be a localized inhibition of
chondrogenesis in those regions. To test the latter hypothe-
sis directly, we investigated the effect of expressing Wnt-1
in primary cultures of mesenchymal cells that undergo
chondrogenesis in vitro (Ahrens et al., 1977). Chick wing
mesenchymal cells were grown as high-density micromass
cultures for 4 days, and then stained with Alcian blue to
visualize cartilage formation. Such cultures spontaneously
undergo chondrogenesis under these conditions (Ahrens et
al., 1977). Infection of the cultures with RCAS virus at the
time of plating had no effect on chondrogenesis because
cartilage nodules formed in these cultures with similar ef-FIG. 3. Summary of skeletal abnormalities in wings injected with
®ciency to uninfected controls (Fig. 5A). However, in cul-RCASWnt-1 virus. Solid bars indicate deformity, truncation, or de-
letion of the skeletal elements indicated above. A total of 43 em- tures infected with RCASWnt-1, we observed no cartilage
bryos were injected, of which 24 were morphologically abnormal. nodules whatsoever (Fig. 5B). A similar effect was seen in
micromass cultures established from facial mesenchyme.
Control-infected cultures produced numerous Alcian blue
staining nodules, while those infected with RCASWnt-1
eyes and a ¯at, truncated upper beak. The gross morphology showed almost none (data not shown). The dramatic inhibi-
of the beak of these embryos at Day 10 resembled that of tion of chondrogenesis mediated by Wnt-1 in these in vitro
normal embryos at Day 7, implying a failure of frontonasal cultures strongly supports the notion that in vivo the gene
development. Additionally, in most of these embryos the had a similar effect when expressed ectopically in the face
mandible was shortened and the maxillary processes had and wings.
failed to fuse. To address the cell speci®city of this inhibitory effect,
To examine the facial abnormalities more closely, a mu- we asked whether RCASWnt-1 infection also affected the
tant embryo was analyzed by transverse sectioning and differentiation of myogenic cells in limb mesenchyme cul-
compared with an uninjected control embryo of the same tures. Immuno¯uorescence analysis using the myosin-spe-
age. These sections con®rmed that the cranial region of ci®c antibody MF20 (Bader et al., 1982) showed no obvious
the RCASWnt-1-infected embryo was grossly malformed. change in the proportion of myogenic cells in the cultures
Complex abnormalities were observed in the shape and as a result of Wnt-1 expression (Figs. 6A and 6B). In addition,
structure of the diencephalon. In addition, Alcian blue Western analysis did not show an effect on the overall levels
staining showed major defects in the cartilaginous elements of myosin expression (data not shown). These data imply
of the upper beak and most sections showed substantial loss that there was not a generalized inhibition of cell differenti-
of the prenasal cartilage and interorbital septum (Fig. 4). ation in RCASWnt-1-infected cultures.
The remaining cartilaginous rudiments were located on ei-
ther side of the midline, suggesting either that they had Wnt-7a Also Inhibits Chondrogenesis
been duplicated or that the bilateral chondrogenic masses
Since Wnt-1 is not normally expressed in the developinghad failed to fuse. The latter seemed more probable since
limb or face, we wished to determine whether the observedoverall there was less facial cartilage in the mutant embryo
inhibition of chondrogenesis could also be mediated by aand instead there was an increased volume of undifferenti-
Wnt gene endogenously expressed in these regions of theated mesenchyme. As a result, the interocular distance was
embryo. In particular we chose Wnt-7a, which is expressedincreased as much as ®ve-fold in the mutant embryo rela-
in the branchial arches and is one of ®ve Wnt genes knowntive to the age-matched control (Fig. 4).
to be expressed in the limb ectoderm (Dealy et al., 1993;
Parr et al., 1993). Micromass cultures were infected with
an RCAS vector carrying Wnt-7a cDNA and again assayedWnt-1 Inhibits Chondrogenesis in Vitro
by Alcian blue staining. As in those infected withThe above results demonstrate that ectopic expression of
RCASWnt-1, no cartilage nodules were detected in cultures
Wnt-1 in either wing bud or craniofacial mesenchyme
infected with RCASWnt-7a (Fig. 5C). Thus, chondrogenesis
caused structural abnormalities whose most prominent
is inhibited when either Wnt-1 or Wnt-7a is ectopically
characteristics were defects in cartilage development. No
expressed in wing mesenchymal micromass cultures.
consistent patterning defects were observed, but individual
cartilage rudiments were frequently reduced in size or miss-
Wnt-1 and Wnt-7a Do Not Inhibit Formation ofing. In the limb buds, defects were observed when embryos
Prechondrogenic Cell Aggregateswere infected with RCASWnt-1 at stage 17, but not when
infected at stage 22. This suggested that abnormalities oc- Micromass cultures of wing mesenchyme have pre-
viously been used extensively to analyze the sequentialcurred in regions where exogenous Wnt-1 was expressed
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FIG. 4. Ectopic Wnt-1 expression induces abnormalities of the frontonasal process and interorbital septum. 10-mm sections through the
upper beak and interorbital region of Day 10 embryos stained with Alcian blue, hematoxylin, and eosin. (A) Uninfected normal embryo;
(B) RCASWnt-1-infected mutant embryo. The embryos shown were size matched using morphometric parameters from the trunk. The
plane of section is parallel to the upper beak in each case. Dorsal is uppermost. Asterisks mark the position of the interorbital cartilage.
Interocular distance is indicated by arrowheaded lines. In B, note the undeveloped beak and unfused frontonasal chondrogenic domains.
At this level of sectioning, the interorbital cartilage is completely missing (asterisks) and is replaced by an expanded area of undifferentiated
mesenchyme. Note the ®ve-fold greater interocular distance in B relative to A.
stages of cartilage differentiation in vitro. The ®rst iden- sion of speci®c molecular markers was compared in RCAS-
infected control cultures and in those infected withti®able step in this developmental pathway in vivo is
aggregation of mesenchymal cells in the limb bud core RCASWnt-1 or RCASWnt-7a. Cultures were ®rst stained at
Day 2 with antibodies to the cell adhesion molecule N-to form prechondrogenic blastemata (Aulthouse and So-
lursh, 1987). Equivalent cell aggregates also form in mi- CAM, whose expression undergoes up-regulation during the
formation of chondrogenic cell aggregates (Widelitz et al.,cromass cultures in vitro and subsequently give rise to
cartilage nodules (Ahrens et al., 1977). To investigate 1993). All three cultures showed similar staining patterns
for N-CAM (data not shown). Cultures were next stainedwhether expression of Wnt-1 or Wnt-7a interferes with
this cellular aggregation, virus-infected micromass cul- with rhodamine-conjugated PNA, a galactose-speci®c lectin
that binds to prechondrogenic cell clusters as early as 16 hrtures were stained with hematoxylin at Day 2 to visualize
clusters of high cell density. As shown in Figs. 5D± 5F, in culture (Aulthouse and Solursh, 1987). At Day 2, both
RCAS-infected and RCASWnt-1-infected cultures con-cultures infected with RCASWnt-1, RCASWnt-7a, or
RCAS control virus all contained similar numbers of cell tained similar numbers of PNA-positive cell aggregates
(Figs. 6C and 6D), indicating that the cell aggregates in cul-aggregates, indicating that the Wnt-mediated block in
chondrogenesis occurs subsequent to cell condensation tures infected with RCASWnt-1 had at least reached the
initial stage of chondrogenesis de®ned by expression of PNAin these cultures.
In order to determine more precisely at what stage the ligand. Similar results were obtained with cultures infected
with RCASWnt-7a (data not shown).Wnt-mediated block in chondrogenesis occurs, the expres-
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FIG. 5. Wnt genes inhibit chondrogenesis in micromass cultures of limb mesenchyme in vitro. Micromass cultures of stage 24 wing
bud mesenchyme were infected with equal volumes of concentrated RCAS virus (A and D), RCASWnt-1 (B and E), or RCASWnt-7a (C
and F). (A±C) Fixed cultures were stained with Alcian blue at Day 4 to assess cartilage formation. The absence of cartilage nodules from
RCASWnt-1- and RCASWnt-7a-infected cultures indicates that both these Wnt genes inhibit chondrogenesis in vitro. The pale purple
stain in all three panels is nonspeci®c. (D±F) Infected cultures were stained with hematoxylin at Day 2 to reveal regions of increased cell
density. No difference in cell aggregation was observed between the three cultures, indicating that RCASWnt-1 and RCASWnt-7a had no
inhibitory effect on the clustering of prechondrogenic cells.
Wnt-1 and Wnt-7a Inhibit Chondroblast lage-speci®c proteoglycans that are stained by Alcian blue
does not occur.Maturation in Vitro
Subsequent to formation of the PNA-positive prechondro-
genic blastema, cells within prechondrogenic aggregates Effects of Wnt-1 and Wnt-7a on Cell Proliferation
normally differentiate into chondroblasts and begin express-
ing type II collagen (Castagnola et al., 1988). To investigate Wnt-mediated signals have been associated with a variety
of different cellular responses and in some tissues expres-whether this stage of differentiation was achieved in our
experiments, virus-infected cultures were stained with a sion of Wnt-1 or certain other members of the Wnt family
can result in excessive cell proliferation (Tsukamoto et al.,monoclonal antibody speci®c for collagen II. At Day 2 in
vitro, micromass cultures infected with RCAS, RCASWnt- 1988; Dickinson et al., 1994). We therefore wished to deter-
mine whether ectopic expression of Wnt-1 or Wnt-7a stimu-1, or RCASWnt-7a contained many small collagen II-posi-
tive cell clusters, although those expressing Wnt-1 or Wnt- lated mesenchymal cell proliferation during chondrogen-
esis. To do this we made use of micromass cultures derived7a generally showed weaker staining (Figs. 7A, 7C, and 7E).
By Day 3, collagen II expression was markedly increased predominantly from distal wing mesenchyme since these
are more enriched for prechondrogenic cells than those de-in RCAS-infected cultures, re¯ecting the accumulation of
collagen II that accompanies chondroblast maturation (Fig. rived from whole limb (Swalla et al., 1983; Swalla and So-
lursh, 1986). We ®rst veri®ed that infection of such cultures7B). However, in cultures infected with RCASWnt-1 or
RCASWnt-7a, collagen II staining had declined to almost with RCASWnt-1 or RCASWnt-7a caused inhibition of
chondrogenesis as before (data not shown). To measure cellbackground levels by Day 3 (Figs. 7D and 7F). These data
imply that Wnt-1 and Wnt-7a do not fully inhibit the initial proliferation, infected cultures were labeled with [3H]-
thymidine for 2.5-hr periods after 1±4 days in culture, andformation of chondroblasts but that the maturation of these
cells is severely blocked. Their terminal differentiation into total cell numbers were determined by quanti®cation of
DNA content. As shown in Fig. 8, both Wnt genes had achondrocytes is thus prevented and secretion of the carti-
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FIG. 6. Infection with RCASWnt-1 has no apparent effect on the number of myoblasts in limb mesenchyme cultures (A and B) nor on
the formation of prechondrogenic cells revealed by binding peanut agglutinin (PNA; C and D). Micromass cultures infected with RCAS
virus (A and C) or RCASWnt-1 (B and D) were stained with the myosin-speci®c antibody MF-20 (A and B) or with rhodamine-conjugated
PNA and analyzed by immuno¯uorescence after 2 days in culture.
proliferative effect on distal mesenchymal cells during the of Wnt-1 from a retrovirus vector injected at stage 17 caused
®rst 1.5 days in culture. By Day 2, however, the labeling deletions and/or truncations of skeletal elements. No con-
index of cells infected with RCASWnt-1 or RCASWnt-7a sistent patterning defect was observed, and it seems likely
had fallen to less than that of RCAS-infected control cul- that the ability of Wnt-1 to affect one or more particular
tures and remained so at Day 4 (Fig. 8B). These results indi- skeletal element in different embryos was due to slight vari-
cate that Wnt-1 and Wnt-7a had a proliferative effect on the ations in the timing and location of virus spread following
micromass cultures, but only at early stages before any the initial infection. These results therefore suggested a gen-
block in differentiation was observed. eral inhibitory effect on skeletal development, such as a
delay or failure of chondrogenesis.
A subset of the developmental defects that resulted from
Wnt-1 expression in the embryonic head was also consistentDISCUSSION
with this notion. The most obvious external abnormalities
were the widely set eyes and de®ciencies in the upper andWnt proteins have previously been implicated in the regu-
lower beak. Since sectioning revealed complex abnormali-lation of growth, patterning, and morphogenesis in verte-
ties in neural tissues, we cannot exclude the possibility thatbrate embryos (Nusse and Varmus, 1992; Parr and McMa-
these had secondary effects on development of the facialhon, 1994). The data presented here raise the possibility
skeleton. However, the prominent gross alterations ap-that, in addition to these roles, Wnt signals may function to
peared to result from de®ciencies in the formation of prena-regulate speci®c cytodifferentiation events in development.
sal and interorbital cartilage, as well as Meckel's cartilage.Our studies of the effects of Wnt expression on chondro-
The interorbital cartilage, which was largely missing in thegenesis began with experiments to investigate the conse-
embryo shown in Fig. 4, was replaced by a broad area ofquences of ectopic Wnt-1 expression in chick embryos. Us-
undifferentiated mesenchyme that may account for the in-ing replication-competent retroviruses to target speci®c tis-
creased interocular distance. Since the above defects weresues, we found that expression of Wnt-1 either in the limb
observed in skeletal primordia derived from the frontonasalbuds or in the craniofacial region caused severe develop-
mental abnormalities. In the developing wings, expression process and ®rst branchial arch, one possibility is that ec-
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FIG. 7. Expression of Wnt-1 or Wnt-7a blocks chondroblast maturation in limb mesenchyme cultures. Indirect immuno¯uorescence
analysis of collagen type II expression in micromass cultures infected with RCAS control virus (A and B), RCASWnt-1 (C and D), or
RCASWnt-7a (E and F). Cells were con¯uent in all ®elds (phase-contrast images not shown). At Day 2 (A, C, E), collagen II is expressed
within chondrogenic aggregates in cultures infected with each virus, indicating that chondroblast differentiation is initiated. By Day 3,
expression is greatly increased in cell aggregates in RCAS-infected control cultures (B). In contrast, in RCASWnt-1- and RCASWnt-7a-
infected cultures, collagen II expression is diminished at Day 3, indicating that maturation of chondroblasts in these cultures is prevented
(D and F). The inhibitory effect of RCASWnt-7a at both days appeared stronger than that of RCASWnt-1. All images were photographed
with the same exposure time.
topic Wnt-1 expression caused a defect in neural crest mi- these defects. The RCASWnt-1 virus was injected at stage
10, by which time neural crest migration is ending, andgration. Previous studies have shown that extirpation of the
cranial neural crest from stage 8 embryos results in absence experimental removal of neural crest tissue after this stage
does not result in loss of facial cartilage structures (Ham-of the interorbital septum, Meckel's cartilage, and the lower
jaw (Hammond and Yntema, 1964). However, the timing of mond and Yntema, 1964). Thus a more likely explanation
is that Wnt-1 signaling affected the differentiation of post-the retrovirus infection in our experiments argues against
inhibition of neural crest migration as the explanation of migratory neural crest cells.
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wing buds an effect on cartilage differentiation could ac-
count for much of the observed phenotype. Defects were
observed in limb buds infected with RCASWnt-1 at stage
17 but not in those infected at stage 22, and this implies
that a particular stage in chondrogenesis is sensitive to inhi-
bition by Wnt-1 signals. If so, the dynamics of virus spread
in the vicinity of cells at that stage could explain the vari-
able regions of the skeleton that were de®cient in the differ-
ent embryos infected at stage 17.
The truncations and deletions of skeletal structures in
wings infected with RCASWnt-1 are consistent with a pre-
vious study by Zakany and Duboule (1993), who observed
skeletal malformations in the limbs of transgenic mice ex-
pressing Wnt-1 from a Hoxa-5 promoter. These authors sug-
gested that the primary effect of ectopic Wnt-1 in the limbs
of those animals was a stimulation of mesenchymal cell
proliferation which resulted in failure of the cells to undergo
condensation and subsequent chondrogenesis (Zakany and
Duboule, 1993). Analysis of chondrogenesis in the chick
micromass cultures allowed us to investigate directly the
stage at which chondrogenesis was blocked by Wnt-1. Al-
though a mitogenic effect of Wnt-1 was detected in early
cultures, the condensation of mesenchymal cells into PNA-
staining prechondrogenic aggregates was unaffected. In-
stead, the block in chondrogenesis occurred at the late-blas-
temal/early-chondroblast stage in these cultures since the
induction of collagen II secretion that normally occurs in
chondroblasts was largely abolished.
To address the possibility that the time course of ectopic
gene expression in RCAS vector-infected cultures might
preclude analysis of inhibitory effects on earlier stages ofFIG. 8. Effect of Wnt-1 expression on mesenchymal cell prolifera-
chondrogenesis, we performed two additional experiments.tion in micromass cultures. Duplicate distal wing mesenchymal
First, using an RCAS vector carrying an alkaline phospha-cell cultures infected with RCAS (s), RCASWnt-1 (l), or
tase (AP) reporter gene, we found that AP activity was ®rstRCASWnt-7a (h) were labeled with [3H]thymidine for 2.5 hr at 1,
detectable in micromass cultures within 6±12 hr of infec-2, and 4 days. DNA content was quanti®ed by ¯uorimetry and
incorporation of 3H determined by scintillation counting. (A) Total tion, a time which precedes cell aggregation (unpublished
DNA content. (B) Cell proliferation index determined as cpm/mg data). Second, we performed trans®lter coculture experi-
DNA. Standard errors of0.1 are indicated. Cultures infected with ments, analogous to those described by Herzlinger et al.
RCASWnt-1 or RCASWnt-7a showed increased proliferation at Day (1994), in which CEF cells expressing Wnt-1 were grown for
1 compared to control cultures but by Day 2 their proliferation had 2 days on polycarbonate ®lters and micromass cultures of
decreased to normal levels or less. Thus, at the time when the
wing mesenchyme were then seeded on the opposite side.block in chondrogenic differentiation was detectable (Day 2 and
Cell aggregation still occurred in these micromass culturesbeyond), there was no evidence of a mitogenic effect.
despite their continuous exposure to Wnt-1-secreting cells,
and Alcian blue staining again showed inhibition of chon-
drogenesis (unpublished data). Collectively, the above re-
sults imply that Wnt-1 signaling does not prevent aggrega-One model that could account for many of the defects
observed in both the wing bud and craniofacial skeleton is tion of chondrogenic cells but imposes a block to cytodiffer-
entiation at the late-blastemal/early-chondroblast stagethat Wnt-1 expression in these embryos caused an inhibi-
tion of cartilage differentiation. To test this hypothesis in (diagrammed in Fig. 9).
This does not rule out the possibility that Wnt-1 coulda well-characterized model system, we used an RCAS retro-
virus vector to express Wnt-1 in micromass cultures of ei- have a proliferative effect on mesenchymal cells that in
turn prevents terminal differentiation of chondrocytes. In-ther wing bud or facial mesenchyme in vitro. In both cases,
Wnt-1 expression severely inhibited cartilage formation as deed, the apparent expansion of craniofacial mesenchyme
in the interorbital space of RCASWnt-1 infected embryosjudged by Alcian blue staining. These data strongly argue
that several of the developmental abnormalities observed could be the result of a mitogenic effect in vivo. However,
our analysis of cell proliferation in micromass cultures pre-in vivo resulted from a failure of chondrogenesis. In the
head there were clearly effects on other tissues, but in the sents a more complicated picture. RCASWnt-1-infected cul-
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FIG. 9. Schematic representation of chondrogenesis. In the initial phase, mesenchymal cells in the core of the limb bud form cellular
aggregates in which N-CAM and N-cadherin are up-regulated. Subsequently, peanut agglutinin staining serves as a marker for formation
of the prechondrogenic blastema. This is followed by the initiation of collagen II expression as the cells become protodifferentiated
chondroblasts. Once the cells are fully differentiated chondrocytes, cell adhesion molecules are down-regulated and the production of
Alcian blue-reactive proteoglycans occurs. The block imposed by Wnt-1 and Wnt-7a expression in wing micromass cultures appears at
the stage of early chondroblast maturation.
tures proliferated more rapidly than controls, but only dur- envisaged, one possibility is that expression of Wnt-1 in
chondrogenic cells might prevent the down-regulation ofing the ®rst 1.5 days of culture. This effect was most appar-
ent in distal wing mesenchyme cultures rather than those cell±cell adhesion and gap junction communication, either
of which may be required for cells to differentiate to morefrom whole wing mesenchyme, implying that a mitogenic
response to Wnt-1 is limited to immature cells. Thus a mi- mature phases of chondrogenesis.
Wnt-1 itself is not expressed at any time during limb ortogenic effect was observed only during the period when
cell condensation occurs and early chondrogenic markers are facial development and hence is not a candidate endogenous
regulator of chondrogenesis (Wilkinson et al., 1987; Parr etexpressed, events that proceeded normally in RCASWnt-1-
infected cultures. By the time of the differentiation block al., 1993). However, several other Wnt genes are expressed
endogenously in these tissues (Parr et al., 1993; Dealy etde®ned by collagen II expression, there was no continuing
mitogenic effect. These results suggest that Wnt-1 signal- al., 1993; Gavin et al., 1990). One explanation for the effects
of Wnt-1 on mesenchymal growth and cartilage differentia-ing may have distinctive effects on cells at different stages
in chondrogenesis: mitogenic stimulation of early imma- tion could be that it mimics the action of a Wnt gene endog-
enously expressed in the chondrogenic mesenchyme itself.ture cells, and later a speci®c block to the further differen-
tiation of chondroblasts. The latter effect may therefore To date the only Wnt family member known to be expressed
in this tissue is Wnt-5a, which exhibits a stepwise gradientoccur via a mechanism distinct from growth stimulation
alone. of expression along the proximodistal axis of the developing
limb (Dealy et al., 1993; Parr et al., 1993). Expression levelsThe mechanism by which Wnt-1 achieves this effect re-
mains a subject for speculation. In principle, Wnt signaling are highest distally in regions where cartilage differentia-
tion is yet to occur and in principle this expression patterncould lead to modi®cation of transcription factors and di-
rectly prevent expression of chondroblast-speci®c gene could be consistent with Wnt-5a encoding an inhibitor of
chondrogenesis whose function is mimicked by Wnt-1. Ar-products such as collagen II. Alternatively, the block to
differentiation could occur more indirectly, such as by mod- guing against such a model, however, are functional tests
of these Wnt genes in other systems. In both Xenopus em-ulation of cell±cell adhesion. During the normal matura-
tion of chondroblastic cells toward differentiated chondro- bryos and mouse mammary cells, Wnt-1 and Wnt-5a are
not functionally redundant, while Wnt-1 is functionally in-cytes, the expression of cell adhesion molecules such as
N-CAM and N-cadherin is down-regulated and the cells terchangeable with several other members of the Wnt fam-
ily (Wong et al., 1994; Du et al., 1995).lose the abundant gap junctions they acquired during the
condensation phase (Oberlender and Tuan, 1994; Widelitz An alternative explanation for the inhibitory effects of
Wnt-1 on cartilage differentiation is that ectopic Wnt-1et al., 1993; Tavella et al., 1994; Coelho and Kosher, 1991).
Wnt-1 signaling in other vertebrate cell systems has been mimics signals that are normally derived from the ectoderm
rather than from the mesenchyme itself. Importantly, weshown to induce a stabilization of b- and/or g-catenin, and
in some cases leads to an increase in cell±cell adhesion have shown that Wnt-7a, one of the genes expressed endoge-
nously in the ectoderm of limb buds and branchial arches,(Bradley et al., 1993; Hinck et al., 1994). In addition, Wnt-1
expression can cause an increase in gap junction permeabil- is able to block cartilage differentiation as effectively as
Wnt-1. Previous studies have shown that limb ectoderm,ity in Xenopus embryos, possibly as a consequence of in-
creased adhesion (Olson et al., 1991; Moon et al., 1993). when placed over micromass cultures, inhibits chondrogen-
esis in underlying mesenchymal cells and stimulates theTherefore, although many alternative explanations could be
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Varmus, H. E. (1987). Identi®cation of protein products encodedformation of loose connective tissue (Solursh, 1984; Solursh
by the proto-oncogene int-1. Mol. Cell. Biol. 7, 3971±3977.et al., 1981). Furthermore, the inhibitory in¯uence of the
Castagnola, P., Dozin, B., Moro, G., and Cancedda, R. (1988).ectoderm is not contact dependent, which suggests that se-
Changes in the expression of collagen genes show two stages increted factors from the ectoderm may inhibit chondrogen-
chondrocyte differentiation in vitro. J. Cell Biol. 106, 461±467.esis in the underlying mesenchyme and so prevent cartilage
Chen, P., Carrington, J. L., Paralkar, V. M., Pierce, G. F., and Reddi,
formation in the periphery of the limb (Solursh et al., 1981; A. H. (1992). Chick limb bud mesodermal cell chondrogenesis:
Zanetti et al., 1990; Zanetti and Solursh, 1986). If Wnt-7a Inhibition by isoforms of platelet-derived growth factor and re-
ful®lls such a function endogenously, it must be additional versal by recombinant bone morphogenetic protein. Exp. Cell
to its known role in dorsoventral and anteroposterior pat- Res. 200, 110 ±117.
terning (Parr and McMahon, 1995). The function must also Chen, P., Yu, Y. M., and Reddi, A. H. (1993). Chondrogenesis in
chick limb bud mesodermal cells: Reciprocal modulation by ac-be redundant since peripheral hyperchondroplasia is not ev-
tivin and inhibin. Exp. Cell Res. 206, 119±127.ident in Wnt-7a knockout mice (Parr and McMahon, 1995).
Coelho, C. N. D., and Kosher, R. A. (1991). Gap junctional commu-However, at least four other Wnt genes are endogenously
nication during limb cartilage differentiation. Dev. Biol. 144, 47 ±expressed in the limb ectoderm and it is entirely possible
53.that the cartilage-inhibitory function could be shared by
Dealy, C. N., Roth, A., Ferrari, D., Brown, A. M. C., and Kosher,one or more of these. The use of retroviral vectors for gene
R. A. (1993). Wnt-5a and Wnt-7a are expressed in the developing
expression in limb mesenchyme cultures provides a conve- chick limb bud in a manner suggesting roles in pattern formation
nient way to test these notions experimentally. along the proximodistal and dorsoventral axes. Mech. Dev. 43,
175±186.
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